Gross alpha and gross beta activities have been determined in thermal and non-thermal spas groundwaters (75) occurring at São Paulo and Minas Gerais states in Brazil as they are ingested in public places, bottled and used for bathing purposes, among other. The samples provided from springs and pumped tubular wells drilled at different aquifer systems inserted in Paran a and Southeastern Shield hydrogeological provinces. The WHO guideline reference value proposed in 2011 for the drinking water quality was never reached for the gross alpha activity (0.5 Bq/L) but it was exceeded in 13 groundwater samples for the gross beta activity (1 Bq/L). Pb, 210 Po) allowed calculate the total Committed Effective Dose (CED) based on a drinking water ingestion rate of 2 L/day. The WHO reference level of 0.1 mSv per year for the CED was surpassed in a high number of water sources (62 (83%) or 41 (55%), disregarding radon), denoting the relevance of the radiological surveys detailing as much as possible the dissolved radionuclides present in potable waters, despite the analytical difficulties and costs involved.
Introduction
The groundwater quality is associated to the geochemical context of the related aquifers and because some rock-types contain relatively high concentrations of natural radioelements, then, hazard effects into human health may be caused by the ingestion of drinking water providing from wells utilized in water-supply systems (Cantor, 1997; Hopke et al., 2000) . Therefore, the radiological characterization of drinking waters has been a topic of concern of several organizations worldwide. For instance, the US Environmental Protection Agency proposed Maximum Contaminant Level (MCL) of 148 Bq/L for 222 Rn, 30 μg/L for uranium and 185 mBq/L for combined Ra ( 226 Raþ 228 Ra) (USEPA, 2000) . Among other uses, such standards permitted the data evaluation of hydrogeochemical surveys of fresh groundwater from fractured crystalline rocks in North Carolina ) and of principal drinking-water aquifer systems of the United States (Szabo et al., 2012) .
On the other hand, many countries have adopted the guidance levels proposed by WHO (2011) for ingestion of radionuclides in drinking water. WHO (2011) proposed an effective dose of 0.1 mSv as an annual limiting value based on the ingestion of 2 litres of water per day. WHO (2011) has also recommended that more sophisticated and time-consuming procedures for determining the dissolved radionuclides content only should be adopted when the results of a preliminary screening are positive. In general, for practical purposes, the guidance levels of 0.5 Bq/L for gross alpha and 1 Bq/L for gross beta have been used as maximum activity concentration values to routine operational limits for existing or new water supplies (WHO, 2011) .
The radiological criteria for drinking water quality in Brazil are defined by Rule No. 2914 (12 December 2011) of the Health Ministry, which establishes that the identification of the dissolved radionuclides and the measurement of their activity concentration in waters should be only performed when the values found in them are greater than 0.5 Bq/L and 1 Bq/L, respectively, for the gross alpha and beta activity concentration. Thus, these guidance levels are the same of those recommended by WHO (2011). 40 K is the only radioactive isotope of potassium and is released to water bodies as a consequence of water/soil-rock interactions (Davis, 1963) . Thorium has been considered a highly insoluble element in water due to its presence in minerals of difficult dissolution (Langmuir and Herman, 1980) . Uranium tends to be mobile under conditions present at the earth's surface; its concentration generally ranges from 0.1 to 10 μg L -1 in rivers, lakes and groundwaters (Fritz and Fontes, 1980; Ivanovich Th decay series. However, because of the analytical and economic constraints, only a few investigations have been conducted focusing the radiological quality of waters in view of an integrated approach. For such purpose, Bonotto and Bueno (2008) and Bonotto (2011) reported a large radionuclides database for major sandstone aquifer systems of the Paran a sedimentary basin, South America. Such types of aquifers have been recognized of importance on the generation of enhanced radioactivity levels worldwide mainly due to Ra ). Despite the importance of the porous flow in sandstone aquifers, water-rock interactions processes taking place in fractured rock aquifers are also relevant for the transfer of natural radionuclides to the liquid phase. This paper describes a novel gross alpha/beta database for groundwaters exploited by thermal and non-thermal spas used for therapeutic and leisure purposes in the Brazilian states of São Paulo (SP) and Minas Gerais (MG). Radiation dose calculation has been also done taking into account the 40 Bonotto (2014 Bonotto ( , 2015 Bonotto ( , 2016 Bonotto ( , 2017 and Bonotto and Oliveira (2017) . The acquired gross alpha/beta and Committed Effective Dose (CED) databases in the sedimentary/fractured rock aquifers allowed perform a comparative evaluation of the performance of both indices for assuring the radiological quality of the waters.
Materials and methods
The groundwater samples (75) in this study were taken from the same springs and pumped tubular wells reported by Bonotto (2014 Bonotto ( , 2015 Bonotto ( , 2016 Bonotto ( , 2017 and Bonotto and Oliveira (2017) . The water sources occur in different geological contexts associated to distinct aquifer systems in the Paran a and Southeastern Shield hydrogeological provinces (Mente, 2008) at the following spas in SP and MG states:
Aguas de São Pedro (3), Aguas da Prata (7), Aguas de Lind oia (7), Serra Negra (8), Lind oia (2), Termas de Ibir a (5), Aguas de Santa B arbara (1), Lambari (6), São Lourenço (8), Cambuquira (6), Caxambu (10), Poços de Caldas (6), Pocinhos do Rio Verde (4) and Arax a (2). The codes adopted by Bonotto (2014 Bonotto ( , 2015 Bonotto ( , 2016 Bonotto ( , 2017 and Bonotto and Oliveira (2017) for their identification will be also used in this paper. The hydrochemical database is very suitable for the purpose of this paper as there is a wide range of values for pH (4.2-9.6), redox potential Eh (À159 to þ112 mV), electrical conductivity (20-6390 μS/cm), and Total Dissolved Solids (11-2898 mg/L) (Bonotto, 2016) .
The analytical procedure reported by Bonotto et al. (2009) was used for providing the measurements of the gross alpha/beta activities in the waters, which consisted on a combined gamma-alpha spectrometry technique. Each groundwater sample (1 litre) was stored in a polyethylene bottle, filtered through a 0.45 μm Millipore membrane, evaporated until a final volume of 12 mL, inserted in a cylindrical borosilicate glass vial, and submitted to the non-destructive gamma rays spectrometry technique through a 3"Â3" well-type NaI(Tl) scintillation detector. The γ-spectrometry allowed the identification and quantification of β À -emitters radionuclides. Then, the remaining sample volume of 12 mL was dried in a 1" diameter aluminum can that was inserted in a vacuum chamber for the alpha readings. The alpha spectrometry was based on the Bonotto (2016) , using the factor of 27.9 Bq of beta activity per gram of total potassium (WHO , 2011). 3 Data reported by Bonotto (2014) . 4 Data reported by Bonotto (2015) . 5 Data reported by Bonotto and Oliveira (2017) . 6 Data reported by Bonotto (2017) .
Fig. 1. (top)
The gross alpha activity of each spa groundwater from southeastern Brazil, (middle) the respective gross beta activity, and (bottom) the logarithm of the gross beta activity plotted on a probability graph.
direct measurement of the α-particles generated in the 238 U decay series.
The α-counting was realized with four 0.1 mm depletion depth, 450 mm 2 area, Passivated Implanted Planar Silicon (PIPS) detectors. The counting time was approximately 1 day for each distinct reading. The critical level of detection (L c ) of both techniques has been estimated according to the procedure described by Currie (1968) that is widely used in nuclear spectroscopy. It corresponded to a number of counts of 834, a count rate of 0.008 cps and an activity of 30 mBq for the gross beta measurements, whereas the activity ranged from 0.5 up to 3 mBq (average ¼ 1 mBq) for the gross alpha measurements (Bonotto et al., 2009 Bonotto (2014 Bonotto ( , 2015 Bonotto ( , 2016 Bonotto ( , 2017 and Bonotto and Oliveira (2017) . The radon dissolved in water was analyzed on site using RAD7 alpha particles detector coupled to accessory RADH 2 O from Durridge Co. The RAD7 utilizes a solid state alpha detector, comprising a Si semiconductor material that converts the energy of the alpha particles into an electrical signal (Durridge, 2009 Ra (Zereshki, 1983) . The 222 Rn activity concentration was measured using the device Alpha Guard PQ2000PRO (Genitron GmbH) equipped with an appropriate drive (Aquakit), following the protocol suggested by the manufacturer (Genitron, 2000; Schubert et al., 2006) . Two aliquots were used for 228 Ra analysis, one chemically processed with addition of the 133 Ba radioactive tracer. After following the procedure described in Bonotto (2015) , they were submitted to gamma rays spectrometry through a 3"Â3" NaI(Tl) well-type scintillation detector that provided readings of the 338 keV and 911 keV 228 Pb and 210 Po (Bonotto, 2017; Bonotto and Oliveira, 2017) . Table 1 reports the acquired database for the spas groundwaters focused in this study. The gross alpha activity range was <1-428 mBq/L, with 30 groundwater samples exhibiting an activity concentration value lower than the detection limit of 1 mBq/L. However, none sample exceeded the maximum WHO (2011) guideline reference value of 500 mBq/L (Fig. 1) . Table 1 shows that the gross beta activity range was 0.08-5.22 Bq/L, with 13 groundwater samples exhibiting activity concentration that exceeds the maximum WHO (2011) guideline reference value of 1 Bq/L (Fig. 1) .
Results and discussion
The whole data set for the gross alpha and beta activities was submitted to a statistical treatment, considering class intervals arranged in geometric progression, due to the great variability of the values obtained (Table 2) . Lognormal distribution was found for the gross beta database (Fig. 1) as also reported by Bonotto (2014 Bonotto ( , 2015 Bonotto ( , 2017 and Bonotto and Oliveira (2017) 
Major relationships of the gross radioactivity database
Potassium is a major alkaline element widely distributed in crustal rocks like Ca-enriched granites that may contain up to 2.5% K (Cox, 1991) , occurring in various minerals (such as the feldspars orthoclase and microcline) and clays. Weathering processes may cause its dissolution and transfer into the liquid phase where it reacts rapidly and intensely with water, forming a colourless basic potassium hydroxide solution and hydrogen gas (Greenwood and Earnshaw, 2002) . 40 K is the unique radioactive isotope of natural potassium, occurring in an abundance of 0.0119% from total K (Davis, 1963) . 40 K decays directly to 40 Ca in the ground state through β À emission (89%) and also to 40 Ar in a 1.46 MeV excited state followed by a prompt 1.46 MeV gamma emission through electron capture (11%) (Adams and Gasparini, 1970) . As a consequence of water/rock-soil interactions, 40 K is released Fig. 2 . Water-rock/soil interactions affecting micas, feldspars, clays, iron oxides and/or other primary/secondary minerals occurring in the aquifers strata and unsaturated zone in the spas studied would cause the congruent dissolution of K, silica and Fe that are introduced into the liquid phase as very fine colloidal particles and Fe oxyhydroxides, thus, yielding the significant correlation of K with SiO 2 and Fe (Fig. 2) .
Bonotto (2016) reported the bicarbonate ions dominance in these Fig. 3 . Plots of the gross beta activity in the spas groundwaters from southeastern Brazil against the dissolved potassium (and 40 K activity concentration), silica, iron, bicarbonate, 226 Ra and 228 Ra. water sources from the use of the Aquachem 4.0 software (Waterloo Hydrogeologic, 2003) . Consequently, this hydrochemical facies justifies the significant relationship of HCO 3 -with K, 226 Ra and 228 Ra (Fig. 2) . The importance of (bi)carbonate ions has been already recognized for the formation of aqueous Ra complexes (e.g. Langmuir and Reise, 1985; Encian, 2014; Porcelli et al., 2014; Matyskin, 2016) . 40 K is a well-known beta-particles emitter, whose activity concentration has been estimated in this paper from the dissolved K concentration in the spas groundwaters (Table 1) . In this study, both parameters (K concentration and 40 K activity concentration) correlated significantly with the gross beta activity as shown in Fig. 3 (Fig. 3) .
Gross radioactivity and radiation dose
Radiation dose calculations are helpful to integrate the activity concentration data obtained for all natural radionuclides analyzed in the spas groundwaters (Table 1) . WHO (2011) proposed a guidance level of 0.1 mSv for the Committed Effective Dose (CED) from 1 year's consumption of drinking water at an ingestion rate of 2 L/day. The adoption of some dose conversion factor (DCF) (IAEA , 1996; WHO, 2011 ) is required to estimate the CED due to the dissolved radionuclides in waters. WHO (2011) Kendall et al. (1988) suggest DCF ¼ 10 À8 Sv/Bq that is the value adopted in this paper.
The spas groundwaters in this study have been utilized or directly consumed in springs discharging in the touristic cities of their occurrence. It is a traditional practice of people visiting them to ingest large amounts of waters as they have been considered "good for health" in the common sense. Additionally, by the same reason, the local population prefers utilizing those waters for drinking purposes rather than that provided by the public water-supply systems. Thus, it is reasonable to perform the CED calculation taking into account an annual consumption of 2 litres of water per day.
Thus, considering the activity concentration of each radionuclide dissolved in the water sources as reported in Table 1 and its corresponding DCF value, it is possible estimate a total CED range of 0.04-2.16 mSv/yr (Table 3 ). The distribution of annual average radiation exposure for the world population indicates that radon is a naturally occurring source whose mean dose is the highest (1.26 mSv) compared to other natural and artificial sources (medical and other) (WHO, 2011) . The acquired radionuclides database for the spas groundwaters also indicates that radon takes a major role on the dose estimate as its contribution to the total CED was the highest for 31 water sources (41.3%). It is followed by 228 Ra (28 water showed the highest contribution to the total CED in this water source. Fig. 4 shows that there is significant relationship of the CED with the gross alpha and beta activities, highlighting the experimental database and related calculation. Additionally, Fig. 4(c) indicates that the dose guideline reference level of 0.1 mSv/yr established by WHO (2011) was surpassed in 62 water sources (83%) rather than the 13 groundwater samples exhibiting gross beta activity concentration above the maximum of 1 Bq/L (WHO, 2011) as shown in Fig. 1 . Such number is very high, denoting failure of the screening tests based on the gross alpha and gross beta readings for indicating some level of risk drinking water due to the presence of dissolved radionuclides. On the other hand, these findings show the relevance of the radiological surveys, detailing as much as possible the dissolved radionuclides present in the potable waters, despite the analytical difficulties and costs involved.
The inclusion of radon on the total CED calculation is a subject that deserves some caution. In the case of bottled waters consumed days or even weeks after the collection of the waters, the dose estimate may not be representative because most of the radon dissolved determined in the in situ measurement has decayed. However, the spas groundwaters in this study are not bottled as they have been utilized in homes or directly consumed after their discharge in taps installed in the sites of their occurrence. In such situations, the waters consumption is performed in a short time interval after collection, but, on the other hand, some of this Rn escapes from the waters in the process of handling, aeration and even in the process of the flasks filling. Thus, it is convenient disregard the radon contribution into the doses estimation and the parameter represented by rCED in Table 3 expresses this new calculation. Under this scenario, Fig. 4(d) indicates that the dose guideline reference level of 0.1 mSv/yr established by WHO (2011) was surpassed now in 41 water sources (55%) rather than 62 water sources (83%). Despite the decrease, this number is still high, indicating that even without radon, the other analyzed radionuclides dissolved in the natural spas groundwaters yielded dose values above 0.1 mSv/yr in a significant number of water sources.
Conclusion
Groundwater samples (75) Despite CED correlated significantly with the gross alpha and beta activities, the dose guideline reference level of 0.1 mSv/yr established by WHO was surpassed in 62 water sources (83%) that is a number much higher than that above the screening gross beta value of 1 Bq/L. Such number decreased to 41 water sources (55%) when the radon contribution was disregarded in the doses calculation. Therefore, detailed radiochemical analysis revealed more level of risk in drinking water rather than traditional gross alpha and beta screening tests.
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